Abstract: As a multi-mission GEO satellite, COMS has three payloads including Ka-band communications, geostationary 
Introduction
As a multi-mission GEO satellite, Communications, Ocean, and Meteorological Satellite (COMS) was launched in June 26, 2010 by Ariane 5 launch vehicle. After three apogee engine firing and two station-acquisition maneuvers, COMS satellite was stationed at 128.2° East longitude in July 4, 2010. Since then, the COMS satellite ground control system [1] is used for satellite mission operations including satellite tracking and ranging, telemetry reception and processing, command generation and transmission, satellite mission planning, flight dynamics operations, and satellite simulation. The COMS satellite has three payloads including Ka-band communications, Geostationary Ocean Color Imager (GOCI), and Meteorological Imager (MI). Although the COMS spacecraft bus is based on the Astrium Eurostar 3000 series, it has only one solar array to the south panel because all of the imaging sensors are located on the north panel. In order to maintain the spacecraft attitude with 5 wheels and 7 thrusters, COMS should perform twice a day Wheel Off-Loading (WOL) thruster firing operations which affect on the satellite orbit [2] . COMS Flight Dynamics System (FDS) provides the general on-station functions such as orbit determination, orbit prediction, event prediction, station-keeping maneuver planning, stationrelocation maneuver planning, and fuel accounting. All of orbit related functions in flight dynamics system consider the orbital perturbations due to wheel off-loading operations. There are some specific flight dynamics functions to operate the Eurostar 3000 spacecraft bus such as wheel offloading management, oscillator updating management, and on-station attitude reacquisition management. An object oriented analysis and design methodology was applied to the COMS FDS development [3] . Programming language C# within Microsoft .NET framework was used for the implementation of COMS flight dynamics system on Windows based personal computer. In this paper, operational validation of the major functions in COMS FDS is presented for the first six month of operations period. It is very important because the COMS FDS is newly developed and firstly applied to COMS satellite operations. The another newly developed ground control systems including tracking, telemetry, and command system, real-time operations system, and mission planning system have been also validated during a first three months of In-Orbit Test (IOT) periods [4] . Orbit determination using single ground station measurement data was performed in everyday considering twice-a-day wheel off-loading maneuver. On-board fuel consumption and velocity increments during the wheel off-loading maneuver were reckoned using thruster related telemetry data. Occasionally ground station antenna bias estimation was carried out using foreign ground station data because there is a geometrical singularity in longitudinal separation between COMS satellite and Daejeon station. Weekly based North-South Station-Keeping (NSSK) and East-West Station-Keeping (EWSK) maneuvers were applied to maintain the satellite within 128.2°±0.05° box. The updating parameters for sidereal day oscillator and tropical year oscillator were calculated in COMS FDS. The updated oscillator parameters were uploaded on-board the spacecraft once a month. Orbital events such as the blinding of the Earth sensor, GOCI, and MI were predicted for satellite operations.
Orbit Determination and prediction
The orbit determination and prediction should be carried out everyday for ground based Image Navigation and Registration (INR). The orbit determination performance should satisfy the position error of 4 km in one sigma. The orbit determination should consider twice a day wheel off-loading thruster firing operations for stabilizing the attitude and weekly NSSK and EWSK maneuvers for maintaining the position of the satellite within 128.2°±0.05°. As an example, Table 1 shows the velocity increments by WOL and station-keeping maneuvers. [5] . The estimated azimuth bias is directly added to azimuth measurement in Daejeon station. Table 2 We prepared range and angle data from Daejeon and range data from Dongara for the date of August 1 to 8, 2010. The azimuth bias of Daejeon antenna was estimated with eight-day data set. The data set includes one NSSK, one EWSK, and 16 WOL maneuvers. We estimates satellite position, velocity, velocity increments for SK, and azimuth bias in orbit determination. Figure 1 shows the estimated azimuth bias of Daejeon station using Dongara station range data. The azimuth bias is roughly 0.115° average with 0.0017° standard deviation. The azimuth bias, 0.115° is added to real azimuth observation tracked by Daejeon station antenna. Figure 1 presents estimated antenna bias during the orbit determination.
Figure 1. COMS satellite azimuth bias estimation by orbit determination
COMS OD uses high fidelity dynamic model. We consider Earth gravity, solar radiation pressure, and Luni-Solar perturbations. Earth gravity model uses EGM96 [6] six by six in degree and order. Batch-Least-Square-Estimator (BLSE) is used to adjust COMS orbit every day. COMS satellite position, velocity, the coefficient of solar radiation pressure, and velocity increments for SK are estimated. The estimation of the velocity increments are only performed for the date of August 3 and 5, 2010 for the OD performance in this paper (Table 1 ). In case of the WOL velocity increment, we use planned velocity values instead of the estimated velocity values. However, orbit differences in each direction are less than 4 km RMS in one-sigma. So, the single station orbit determination meets the performance requirement. [7] . COMS FDS provides three kinds of NSSK strategy such as Minimum Fuel Target (MFT) [8] , Maximum Compensation Target (MCT), Track Back Chord Target (TBCT) and two kinds of EWSK strategy such as one-burn and two-burn. In normal operation, we used to apply MFT/one-burn strategy for NSSK/EWSK maneuver to minimize consumed fuel. If one-burn strategy couldn't control eccentricity and semi-major axis efficiently, two-burn strategy was applied. Figure 5 shows the station keeping maneuver window and Table 5 shows the number of EWSK/NSSK maneuver and Del-V required from July 10 to December 31, 2010. Totals of 25 times EWSK and 24 times NSSK have been performed and in case of EWSK, three times two-burn maneuver has been carried out. The parameters about EWSK/NSSK were stored in maneuver stack and updated after fuel accounting. Table 6 . The parameters about WOL maneuver were stored in WOL maneuver stack and updated after fuel accounting. After performing the WOL operations in every day, thruster related telemetry was processed in fuel accounting function of COMS FDS. The actual thruster operations were reconstructed based on the telemetry data and thruster modeling. Table 7 presents predicted and reconstructed Del-V for WOL operations from Oct. 5, 2010 to Jan. 26, 2011. The predicted Del-Vs are based on the COMS spacecraft design. There are some differences of Del-V in each orbital direction. The differences are due to the discrepancy between the spacecraft model in design phase and actual environment in space. The WOL maneuver stack data file will be updated based on the actual values for the next year. 
Fuel Accounting
Remaining fuel of COMS has been estimated using two strategies such as Pressure, Volume, and Temperature (PVT) method and Thruster-On-Time (TOT) method. Both methods estimate remaining fuel using telemetry data transmitted from the satellite. PVT method uses temperature and pressure of the fuel tank while, TOT method uses pulse of the thruster firing. In normal operation, we used to apply TOT method for fuel accounting after NSSK, EWSK, and WOL operations. Figure 6 shows FDS report for TOT fuel accounting. Number of pulses for each used thrusters in COMS satellite were counted to estimate the used fuel and oxidizer. The Delta-Vs for each direction were also estimated using the thruster modeling. The fuel used during the EWSK maneuver was about 0.03246 kg. Thruster number 5A was used to reduce the orbital speed of the COMS satellite. Figure 7 presents remaining fuel and oxidizer from July 10 to December 31, 2010. The fuel and oxidizer consumptions during the NSSK maneuvers are shown as downward steps. Figure 8 depicts consumed fuel and oxidizer for each NSSK, EWSK, and WOL operations. The major source of fuel usage is NSSK maneuver. We can see two part EWSK maneuvers in the figure.
The fuel usage of twice-a-day WOL operations is very tiny as shown in Figure 8 . Table 8 shows COMS satellite mass changes during six months of IOT periods. About 14.452 kg of fuel and oxidizer are used. 
Oscillator Updating and Event Prediction

Oscillator Updating
In normal operation, sidereal day oscillator and tropical year oscillator should be updated in every month. The first oscillator updating was performed on July 5 by EADS Astrium after hand over the satellite. After that, six times of oscillator updating were carried out successfully by KARI. The parameters of oscillator updating were stored in oscillator updating stack in COMS FDS. Table 9 presents updated sidereal oscillator and tropical oscillator for every month. Although the unit of actual uploading command parameter is rad/sec., the unit of deg/day and deg/year are used for easy understanding in Table 9 . The reference oscillator values are also shown in the bottom of the Table  9 . All of the oscillator updating operations were carried out smoothly. 
Event Prediction
Event prediction provides sun eclipse time, MI/GOCI sensor intrusion time, ground antenna sun outage time, node crossing time, apogee/perigee crossing time, and station keeping box limit. In normal operation, event prediction has been performed every day. Among them, one of the important events was sun interference of the ground antenna which was occurred near vernal and autumnal equinox. Table 10 shows the time and duration of predicted and realized sun interference. Predicted dates of sun outage for Daejeon station antenna were Oct. 7 -9, 2010. The realized start times were somewhat earlier than the prediction and the duration of the interference were also longer than expected. There was telemetry loss for a few seconds in Oct. 7 and 8, 2010. The affected antenna Field Of View (FOV) should be enlarged based on the realized sun interferences. 
Conclusions
A newly developed COMS Flight Dynamics System (FDS) has been successfully validated during a six months of In-Orbit Test (IOT) operations. Major FDS functions including orbit determination and prediction, station-keeping maneuver and fuel accounting, twice-a-day thruster based Wheel Off-Loading (WOL) operations, monthly sidereal and tropical oscillator updating operations, and event predictions have been operated with performance factors. The COMS satellite will be in normal mission operations in February, 2011. A full year of FDS operations will be required for validating all the functions in COMS FDS. In the mean time, COMS FDS will be continuously upgraded for the better functions and performances.
